We describe an extension of the Bell-Salt lattice model of water to the study of water confined in a slit pore. Wall-fluid interactions are chosen to be qualitatively representative of water interacting with a graphite surface. We have calculated the bulk vapor-liquid phase coexistence for the model through direct Monte Carlo simulations of the vapor-liquid interface. Adsorption and desorption isotherms in the slit pore were calculated using grand canonical ensemble Monte Carlo simulations. In addition, the thermodynamic conditions of vapor-liquid equilibrium for the confined fluid were determined. Our results are consistent with recent calculations for off-lattice models of confined water that show metastable vapor states of confined water persisting beyond the bulk saturation conditions, except for the narrowest pores. The results are similarly consistent with recent experiments on water adsorption in graphitized carbon black.
I. Introduction
There has been substantial interest in the use of lattice models for inhomogeneous fluids. This has been motivated by the simplicity of such models and the opportunity that they present to address relatively large systems which can bridge the nanoscopic and mesoscopic length scales. Examples of recent applications include fluids in ordered pore structures, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] fluids in disordered porous materials [14] [15] [16] [17] [18] [19] and nanoscale liquid droplets on solid surfaces. 20, 21 Most of this work has focused on simple fluids modeled by orientation independent nearest neighbor interactions, but it is also of interest to investigate more complex lattice models such as that which might be applied to inhomogeneous water.
Among the most widely studied lattice models of water are those based on ideas developed by Bell and his co-workers. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The basic idea in such models is to introduce orientation dependent attractions between nearest neighbor sites on a bcc lattice. 22 By restricting the hydrogen bonding interactions for each site to be with four tetrahedrally coordinated nearest neighbor sites, the low coordination number interactions in fluid and solid water can be modeled. An expanded structure in which only one of the diamond sublattices of the bcc lattice is occupied can be stabilized by introducing a three-body repulsion 22 or a next nearest neighbor repulsion 23, 29 that suppresses simultaneous occupancy of both diamond sublattices. Numerical studies of the Bell water models reveal that they exhibit water-like behavior in their thermodynamic properties including a density maximum in the liquid phase and solid melting by compression. 29, 31, 32 In this paper, we consider the Bell-Salt lattice model 23 of water under conditions of confinement in a slit pore. By comparing the behavior of the model with that observed for off-lattice models of carbon slit pores, [33] [34] [35] we investigate the applicability of the lattice model as a qualitative model of water under confinement. One key issue to be understood here is whether or not water can condense in a material such as carbon with which it does not hydrogen bond. Another is the relevance of equilibrium pore condensation (EPC) versus hysteresis in the interpretation of experimental results. These issues are central in understanding experimental results for water adsorption in ordered carbon materials [36] [37] [38] [39] [40] such as carbon nanotubes in comparison with those for activated carbons. [41] [42] [43] [44] In recent work, 35 two of us studied the properties of three off-lattice models of water confined in slit pores, with the solidfluid potential chosen to model the interaction of water with a graphite surface. For a given temperature, pore condensation was determined both in terms of the end point of the adsorption branch in the hysteresis loop (for convenience we will refer to this as hysteresis pore condensation or HPC) and in terms of the EPC transition, the latter determined by the chemical potential or bulk pressure where low density (vapor-like) and high density (liquid-like) states of the confined fluid can coexist in equilibrium. It was argued that HPC is more relevant to experiments, where EPC is not accessible on adsorption because of the metastability of the low density (vapor-like) states of the confined fluid. For wider pores, it was observed that HPC occurred for states above the bulk vapor pressure but for narrower pores it could occur for states below the bulk vapor pressure. The behavior for narrower pores was interpreted in terms of the influence of the surface field from both pore walls upon a single layer of water molecules. 34, 35 The results for wider pores are consistent with experiments on water adsorption in graphitized carbon black, 45 which feature mesopore/macropore condensation occurring at states above the bulk vapor pressure.
In this work, Monte Carlo simulations have been used to study the Bell-Salt lattice model of water in both bulk and confined states. We have used grand canonical ensemble Monte Carlo (GCMC) simulations to determine density versus chemical potential isotherms. In addition, we have performed canonical ensemble simulations to determine the vapor-liquid density profiles as a means of establishing phase coexistence conditions for bulk and confined fluids. We find that to a significant extent the confined Bell-Salt model exhibits the qualitative behavior seen in off-lattice models, with respect to both adsorptiondesorption hysteresis and EPC.
The remainder of this paper is organized as follows. In the next section, we describe the lattice model in more detail and Monte Carlo simulation methodologies used to study it. In section III, we present our results both for the model in the bulk and for its behavior when confined in slit pores. Section IV gives a summary of our results and conclusions.
II. Lattice Model and Monte Carlo Simulations
A. Model. The lattice model for water we used was developed by Bell and Salt 23, 29 and is a modification of an earlier model by Bell. 22 The model uses a bcc lattice with three types of interaction, a nearest neighbor attraction with energy -ff , an orientation dependent nearest neighbor attraction with energy -hb , and a next nearest neighbor repulsion with energy nnn . Each molecule has four tetrahedrally coordinated bonding arms. Two of these are labeled "+", and the other two are labeled "-". This leads to twelve possible orientations in which the bonding arms are aligned with the nearest neighbor vectors. Nearest neighbor attractions modeling hydrogen bonds are formed when pairs of occupied nearest neighbor sites are configured with a "+" arm from one site and a "-" arm from the other site aligned with the nearest neighbor vector. The lattice model Hamiltonian can be expressed as where n i and n j denote the occupancies of sites i and j, either 1 or 0, respectively. f ij ) 1 if a "+" arm from one site and a "-" arm from the other site are aligned with the nearest neighbor vector between sites i and j, and f ij ) 0 otherwise. The prime on the first summation denotes a restriction to pairs of sites that are nearest neighbors while the double prime on the second summation denotes a restriction to pairs of sites that are next nearest neighbors.
The bcc lattice can be viewed as two interpenetrating diamond sublattices. The second neighbor repulsions in the model suppress the simultaneous occupancy of the two diamond sublattices, giving a region of stability to an ice-I-like phase. The fully occupied lattice with two hydrogen bonds per site corresponds to ice-VII. The solid-fluid interaction with the pore walls is a nearest neighbor attraction with energy -sf . We discuss the choice of these parameters below.
B. Monte Carlo Simulations. As noted earlier in studying models of pore condensation, it is essential to have knowledge of the bulk phase behavior. Therefore, we have used Monte Carlo simulations to estimate the bulk coexistence conditions for the model. First, we performed grand canonical Monte Carlo (GCMC) simulations for a cubic bulk system of 40 3 lattice constants in periodic boundary conditions to obtain isotherms of the density (fractional occupancy) versus chemical potential, µ, or activity, λ ) exp(µ/kT). These isotherms exhibit hysteresis below the bulk critical temperature as shown in Figure 1 . This hysteresis is due to the fact that the large scale density fluctuations associated with the vapor-liquid phase change are rare events in the Metropolis method. 46 It can be eliminated by using more sophisticated sampling techniques, but that is unnecessary here. Second, we performed canonical Monte Carlo (CMC) simulations to study the vapor-liquid interface of the model at several temperatures. Using these simulations, we could extract the coexistence densities at each temperature from the vapor-liquid density profiles. For these CMC simulations, we used a simulation cell of 40 × 40 × 120 lattice constants. The simulations were initialized by filling a block of sites (40 × 40 × 40 or 40 × 40 × 60 lattice constants) in the central part of the system. Using the density versus chemical potential isotherms from the GCMC simulations, we could then determine the chemical potential at bulk vapor-liquid coexistence. In order to check the accuracy of this approach, we carried out the same procedure for the bcc lattice gas with only nearest neighbor attractions and verified that we could reproduce the rather precise results available from series expansions. 47 The calculations of the adsorption/desorption isotherms and vapor-liquid equilibrium in slit pores are similar to that for the bulk phase described above. The wall dimensions were set to be 40 lattice constants in x and y directions with periodic boundary conditions. The system boundaries were aligned with 100 planes of the bcc lattice. For the slit pores, the two layers of sites constituting the pore walls are separated by a pore width, H, which is defined as the number of lattice units in z direction. The pore widths we have studied are 1.5, 2.5, 3.5, 4.5, and 6.5 lattice constants, corresponding approximately to a range of 0.5-2.1 nm in real units (the unit conversion is based upon nearest neighbor distances in liquid water and ice of about 0.28 nm 48 ) and comparable to the pore dimensions used in recent studies of off-lattice models. 34, 35 These pore widths can accommodate 2, 4, 6, 8, and 12 layers of sites between the walls, respectively. It requires two layers of sites on the bcc lattice to create a single layer of hydrogen-bonded water molecules on a diamond sublattice. For the vapor-liquid interface simulation in the slit pores, the wall dimensions were set to 40 lattice constants in the x direction and 80 or 120 lattice constants in the y direction. The vapor-liquid interface simulations for the slit pore were initialized by filling a block of sites (40 × 40 × 40 or 40 × 40 × 80 lattice constants) in the central part of the system.
The run lengths used in our simulations were typically 2 × 10 5 steps for the GCMC simulations and 4 × 10 5 steps for the CMC simulations, with half the steps used for equilibration. Each step consists of M trial configurations, where M is the number of sites on the lattice. For the GCMC simulations, trial configurations were generated either by an attempt to reverse the occupancy of a site in the system or by an attempt to change the orientation at an occupied site in the system. These two types of move were chosen with equal probability. For the CMC simulations, trial configurations were generated either by an attempt to swap the occupancy of an occupied site with that of an unoccupied site or by an attempt to change the orientation at an occupied site in the system. In all cases, the type of trial move was chosen randomly with uniform probability.
III. Results and Discussion
A. Bulk Properties. Borick and Debenedetti 31 have studied the phase behavior of the Bell-Salt model using a clustervariation method, and we have used their work as an initial guide to the behavior of the model. They found four different types of phase behavior, one of which is water-like. We have investigated a series of values of temperature (T* ) kT/ ff ), nnn / ff , and HB / ff and have found a set of parameters ( hb / ff ) 4 and nnn / ff ) 0.63) for which the system has a vapor-liquid critical point and a triple point with the appearance of an ice-I-like ordered phase of density intermediate between that of the fluid phases. In this ice-I-like phase, only one of the diamond sublattices is occupied. As expected for a lattice model, the dense "liquid" phase has significant solid-like character, with substantial orientational ordering and occupancy of both diamond sublattices. Figures 1 and 2 show density (expressed as fractional occupancy, F*, of the bcc lattice) versus activity isotherms and vapor-liquid density profiles for two temperatures using these model parameters. As described above, we can use these results to determine the phase coexistence activity and densities. Figure 3 shows the density versus temperature coexistence phase diagram for the fluid states and also a region of stability for the ice-I-like phase at low temperature and fractional occupancy close to 0.5. Figure 4 shows the saturation activity, λ 0 , versus temperature diagram for fluid phase equilibrium in the model. B. Confined Systems. For the interaction with the walls of the slit pore we have, in the first instance, used sf / ff ) 1.5, corresponding roughly to the value expected for water interacting with a graphite surface. Adsorption/desorption isotherms for four values of H are shown in Figure 5 at T* ) kT/ ff ) 1.5. The density is plotted versus the relative activity, λ/λ 0 , which is equivalent to relative pressure except for the (small) effect of gas imperfection. We see that in all of these cases the isotherms exhibit hysteresis, with the width of the hysteresis increasing with increasing pore width. For the narrower pores, H ) 2.5 and H ) 3.5, HPC occurs for relative activities below bulk saturation. For the wider pores, HPC pore condensation occurs for relative activities above bulk saturation.
These results are qualitatively consistent with those we obtained recently for some off-lattice models of water in slit pores. 35 We can interpret these results in two ways. On the one hand, we can view the narrowing of the hysteresis region with decreasing pore width in terms of the approach to the pore critical point under increasing confinement. 49, 50 On the other hand, we can think in terms of the solid-fluid interactions facilitating condensation for narrower pores, a mechanism addressed in earlier work on off-lattice models. 34, 35 Figure 6 shows isotherms for H ) 2.0 and H ) 1.5. In both cases, the hysteresis has disappeared. This behavior, which differs from what is observed for off-lattice models, 34, 35 is a consequence of the low probability of configurations where hydrogen bond interactions can occur for this lattice model when there are just a few layers of sites. This feature tends to suppress the vaporliquid transition for narrow pores.
Vapor-liquid density profiles for the confined systems from CMC simulations are shown in Figure 7 for four pore widths corresponding to those in Figure 5 . In these profiles, the density parallel to the pore walls in the y direction is shown averaged in the x-z plane. We note that the width of the interfacial region gets progressively larger as the pore gets narrower and we approach a pore critical point. The vapor-liquid interface in the confined system is nonplanar, and this will increase the width of these profiles depending on the curvature of the meniscus. The flat parts of these profiles correspond to the phase coexistence densities for the pore fluid. Using these densities, we can identify the states in Figure 5 corresponding to vaporliquid equilibrium in the pores (EPC), and we can redraw the isotherms with the metastable states removed as shown in Figure  8 . We have a single step in each isotherm corresponding to the equilibrium vapor-liquid phase transition for the confined fluid. In each case, EPC occurs for activities below bulk saturation, with the EPC transition approaching λ 0 with increasing pore size. We return to this observation and its significance below.
We have also calculated density profiles in a direction normal to the pore walls, and averaged over the x-y plane, for the phase equilibrium states given in Figure 8 . Figure 9 shows the density profiles for the saturated liquid and vapor states for the different values of H. For the liquid state, the density in the layer near the wall is lower than that away from the wall, because of the loss of "hydrogen bonds" in that layer. For the vapor state, the density is much higher near the wall, reflecting greater importance of the solid-fluid interactions relative to the hydrogen bonding at low density.
Adsorption/desorption isotherms for a weaker surface field, sf / ff ) 1, are shown in Figure 10 . In this case, the HPC occurs for activities greater than bulk saturation. The results are otherwise similar to those in Figure 5 . The equilibrium isotherms are shown in Figure 11 . We see that EPC occurs above bulk saturation for all cases, a situation that is sometimes called capillary evaporation. 51 This latter terminology arises from thinking about the system from the perspective of approaching bulk saturation from a compressed liquid state. The differences in the results for the two surface fields reflect the fact that a weaker surface field moves the stability range of dense fluid states to higher relative activity for a given temperature.
Our previous work on water in slit pores was motivated by the question of whether water should condense below bulk saturation for carbon adsorbents. As mentioned earlier, experimental results for water in graphitized carbon black show hysteresis in which pore condensation occurs above saturation. 45 Both in our earlier work and in the present model, for sf / ff ) 1.5, the results from HPC and EPC lead to conflicting conclusions. The HPC results indicate pore condensation above λ 0 for wider pores and pore condensation below λ 0 for narrower pores. In both models, the EPC occurs below λ 0 . Which of these results is more relevant to experiment? As we stated in our earlier paper, 35 we believe the hysteresis loops are the best guide. When we study vapor-liquid equilibrium for bulk fluids, it is always possible to place the phases in contact, allowing the direct location of the phase coexistence. For fluids in porous materials where pore condensation occurs, isotherms are routinely accompanied by hysteresis, and it is generally not possible to achieve equilibrium vapor-liquid coexistence during adsorption (for systems where the pore fluid has unrestricted contact with the bulk phase, e.g., fluids confined in open-ended cylindrical pores such as in MCM-41, desorption is expected to occur at the EPC transition 52 ). Thus, as a practical matter, whether or not water condenses in carbon pores below bulk saturation is determined by the location of the end point of the adsorption branch in the hysteresis loop.
Equilibrium condensation for water in a carbon slit pore for activities below λ 0 should not necessarily be viewed as a surprising result given that the contact angle, θ, for water on a free surface of graphite is about 86°. 53 The Kelvin equation, which is presumably valid for wide pores, predicts that the relative activity for pore condensation in a slit pore is given by where σ VL is the vapor-liquid surface tension, F L is the density of the bulk liquid, and r is the pore radius. Contact angles less than 90°lead to EPC for λ < λ 0 while contact angles greater than 90°lead to EPC for λ > λ 0 . This prediction is independent of whether or not (as in this case) the equation is corrected for the thickness of the adsorbed layer on the pore surface. Departures from the Kelvin equation for narrow pores are welldocumented, 49, 50 but the qualitative prediction about the link between the free surface contact angle and the location of the EPC transition with respect to bulk saturation should still hold.
IV. Summary and Conclusions
We have made a study of the Bell-Salt lattice model of water extended to the case of confinement in a slit pore, focusing on the nature of the pore condensation transition. GCMC simulations of the adsorption/desorption isotherms exhibit hysteresis, with the width of the hysteresis decreasing with decreasing pore size. For narrow pores, the vapor branch of the hysteresis loop terminates at relative activities below those corresponding to bulk saturation conditions, while for wider pores, this happens for supersaturated bulk states, in agreement with earlier simulations of off-lattice models 35 and experiments on water adsorption on graphitized carbon black. 45 We have also determined the conditions of vapor-liquid equilibrium for both the bulk and the confined fluids. We have found that the EPC occurs before bulk saturation for the systems studied with the stronger surface field. For water in graphitelike pores, such behavior would be expected on the basis of values of the contact angle and consideration of the Kelvin equation. For a weaker surface field, we have found that pore condensation, whether EPC or HPC, occurs for supersaturated bulk states. This is a result of the weaker surface field requiring higher chemical potentials for stability of dense fluid states in the pores.
In general, the Bell-Salt model under confinement in a slit pore yields similar qualitative behavior to off-lattice models. However, the model seems to be less realistic for the narrowest pores. At the temperature we have considered, the Bell-Salt model requires at least four layers of sites on the bcc lattice (H ) 2.5), allowing the formation of two layers of hydrogen-bonded water molecules, for a vapor-liquid transition to occur. This is due to the configurational limitations of the lattice and restrictions on the ways in which hydrogen bonds can be formed. Whether this is intrinsic to the lattice approach or merely a feature of this particular model will be a worthwhile topic for additional research. kT ln (
